Abstract. Engrailed 2 (EN2) is a member of the homeobox gene family. Many studies suggest that overexpression of EN2 protein may be associated with tumor development, including bladder cancer (BC). However, to date, the mechanisms of how EN2 functions to promote BC progression remain elusive. The present study introduced RNAi to silence the expression of EN2 in BC cell lines. In vitro invasion and migration assays and in vivo experiments were carried out to examine the functions of EN2 in BC invasion and metastasis. The results of the present study indicated that EN2 was significantly expressed in BC cells. Ectopic expression of EN2 in normal urothelial cells significantly enhanced cellular proliferation and invasion, but inhibited cellular apoptosis. EN2 knockdown significantly promoted cell cycle arrest and apoptosis of BC cells with inhibition of proliferation and invasion in vitro as well as EN2 knockdown decreased the tumor growth of BC. The tumor growth was decreased by regulation of the cell cycle, apoptosis and epithelial-mesenchymal transition-related proteins, with inhibition of metastasis to the liver and lung in vivo. Furthermore, EN2 knockdown significantly decreased the levels of pAkt-473, pAkt-308 and phosphatidylinositol 3-kinase (PI3K), whereas EN2 knockdown increased the expression of PTEN in vitro. Taken together, EN2 may be a candidate oncogene in BC by activating the PI3K/Akt pathway and inhibiting PTEN, and may be a potential therapeutic target for the treatment of BC.
Introduction
Bladder cancer (BC) is the fourth most common cancer in men worldwide, with an estimated 70,530 new cases and a projected number of 14,680 deaths in the United States in 2010 (1) . In China, BC is the eighth most common cancer among all malignant tumors and the most common cancer of the genitourinary system in men (2) . At initial diagnosis, ~70-75% of the patients are afflicted with non-muscle invasive bladder cancer (NMIBC), in which the papillary tumor invades the urothelium (Ta) and lamina propria (T1), or carcinoma in situ (CIS), with a relatively flat tumor within the urothelium, while the remaining 25-30% already have a muscle invasive bladder cancer (MIBC) (3, 4) . More than 90% of BC cases belongs to the pathological type, transitional cell (urothelial) carcinomas (TCCs), and 3-7% are squamous cell carcinomas; adenocarcinoma is rare and accounts for <2% of all BC cases (5) . The majority of TCCs present as papillary NMIBC; however, ~80% of patients with NMIBC suffer from recurrence within 1 year to 2 years and ~8% will progress to MIBC although standard treatment is performed, including transurethral resection and adjuvant intravesical chemotherapy or immunotherapy (3) . Patients with MIBC are treated by radical cystectomy (3) . Despite the radical cystectomy and systemic therapy, 50% of patients with invasive tumors die from metastasis (6) . Recent progress has been made in diagnosis and treatment, but the molecular mechanisms underlying the development and progression of BC remain poorly understood and MIBC prognosis is still unsatisfactory (7) . Further investigation of the molecular mechanisms of development and progression of BC is necessary to develop new methods for the treatment of BC.
Engrailed (EN) is a member of the homeobox gene family and was first characterized in Drosophila. The encoded homeodomain-containing transcription factor has important functions in development and has been identified in annelids (8) , mollusks (9) , insects (10) , echinoderms, chordates (11) and vertebrates (12) . In vertebrates, two engrailed (EN) genes have been discovered, namely, EN1 and EN2, which differ slightly in their specific functions (13, 14) . High levels of both EN1 and EN2 are expressed in alar (dorsal) cells of the midbrain/hindbrain border region during brain development and affect the survival of mesencephalic dopaminergic neurons (15, 16) . The EN2 gene has also been implicated in
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early muscle development, with expression in the murine mandibular arch, particularly myoblasts, which give rise to the masseter, temporalis, and lateral and medial pterygoid muscles involved in jaw closure (17) . Germline mutations in EN may have profound effects on embryological development.
Evidence suggests that overexpression of EN2 protein may be associated with tumor development in adult humans, particularly in breast (18) , prostate (19) (20) (21) and ovarian cancers (22) . A recent study indicated that EN2 is expressed in and secreted by BC cell lines and patient tumor specimens, justifying an evaluation of urinary EN2 as a diagnostic biomarker in BC using archived samples from an established biospecimen collection. Moreover, high expression of EN2 is associated with the pathological grade and stage of BC (23) . However, the mechanisms of how EN2 functions to promote BC progression remain elusive. Given the significance of EN2 in cancer tumorigenesis, EN2 is hypothesized to have critical functions in BC tumorigenesis and metastasis. In the present study, the effects of EN2 knockdown on the proliferation, apoptosis, and invasion of BC were investigated in vitro and in vivo using small interference RNA (siRNA) for EN2. The obtained results suggest that downregulation of EN2 may be effective in the inhibition of tumor growth and progression of BC.
Materials and methods
Cell lines and cell culture. T24, RT4 and EJ human BC cell lines as well as normal uroepithelial SV-HUC-1 cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). Normal human bladder epithelial cells (NHBECs) were purchased from PriCells Co., Ltd. (Wuhan, China). The cells were thawed and cultured at 37˚C in 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM; HyClone, Logan, UT, USA) containing 10% fetal bovine serum (FBS), 2 mmol/l glutamine, 1 mmol/l sodium pyruvate, 10 mmol/l 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 100 U/ml penicillin G, 100 mg/ml streptomycin and 50 ng/ml SDF-1 (Sigma, St. Louis, MO, USA).
Construction of recombinant plasmids.
A pair of primers with double restriction enzyme cutting sites (EcoRI-forward primer, 5'-CCGGAATTCATGGAGGAGAATGACCCCAAGCCT GGCG-3' and BamHI-reverse primer, 5'-CCGCTCGAGCT ACTCGCTGTCCGACTTGCCCTCCTTG-3') was designed to amplify the full-length cDNA of EN2 (GenBank Accession No. NM_001427) from the cellular cDNA library of the human bladder epithelium. The restriction enzymes EcoRI and BamHI were then used to cut the PCR products and expression vector pcDNA3.1 (Invitrogen). Finally, the EN2 Flag-tagged overexpression vector was obtained through ligation reaction. In addition, the accurate sequence of EN2 open reading frame was confirmed by DNA sequencing.
Construction of the plasmids for knockdown of human EN2
expression. The following three siRNAs were designed based on the EN2 sequence: siRNA 1, 5'-GGCTCAAGGCCGAGT TCCA-3' , siRNA 2, 5'-GGGTCTACTGTACGCGCTA-3' , and siRNA 3, 5'-CAAAGAAGAAGAACCCGAA-3'. Oligonucleotides with a sequence predicted to induce efficient RNAi of EN2 (containing sense and antisense sequences) were synthesized by Sigma (Shanghai, China). The synthesized sequences are shown in Table I . The oligonucleotides were annealed in sodium chloride-Tris-EDTA buffer at 94˚C for 5 min and cooled gradually. The double-stranded products were cloned downstream to the human U6 promoter of the pGCsilencer U6/Neo/GFP (pGC) plasmid (Shanghai Genechem Co., Ltd., Shanghai, China). The products were designated as EN2-siRNA1, EN2-siRNA2 and EN2-siRNA3. A scramble sequence (5'-TTCTCCGAACGTGTCACGT-3') without significant homology to any mammalian gene sequence was inserted into the pGC plasmid and used as a negative control siRNA.
Cell transfection. Cells were plated on 6-well plates at 80-90% confluency (recombinant plasmid transfection) or 30-50% confluency (siRNA transfection). All cell transfections were implemented using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. An empty vector was used as a negative control. To determine whether the recombinant plasmids were transduced into the tumor cells, the green fluorescent protein (GFP) expression of EJ cells in the NC-siRNA, EN2-siRNA1, EN2-siRNA2 and EN2-siRNA3 groups was assessed using an inverted fluorescence microscope at 24, 48 and 72 h after transduction, respectively. Ten fields were randomly selected, and the delivery efficiency was counted as follows: number of positive cells/total number of cells x 100% under the same field. The samples were considered positive regardless of the degree of brightness.
Selection of stable transfected cell clones. NHBECs transfected with pcDNA3.1 and pcDNA3.1+EN2 as well as BC Quantitative RT-PCR. Total RNA was isolated from frozen tumor tissue or 1x10 6 cells using the TRIzol reagent (Invitrogen). Total RNA was subsequently reverse transcribed to cDNA using M-MLV reverse transcriptase (Promega) according to the manufacturer's instructions. DNase (Promega) was used to completely eliminate DNA contamination in the total RNA before reverse transcription. qRT-PCR was performed using the SYBR-Green qPCR SuperMix kit (Invitrogen) in the ABI PRISM ® 7500 Sequence Detection system (Applied Biosystems, Foster City, CA, USA). Specific primers were: EN2, F-5'-TCTTGGAGTGGCTGCTTCTG3' and R-5'-TCCTGGAGGATTCTGAGTTCTT3'; 18S rRNA, F-5'CCTGGATACCGCAGCTAGGA3' and R-5'-GCGGCG CAATACGAATGCCCC-3'. Thermal cycle conditions were as follows: 5 min at 95˚C and 40 cycles of 1-5 sec at 95˚C, 32 sec at 60˚C, and 30 sec at 72˚C. The comparative threshold cycle method was used to calculate the amplification fold. 18S rRNA was employed as a reference control gene to normalize the expression value of the target genes. Triple replicates were performed for each gene, and the average expression value was calculated for subsequent analysis. The relative expression levels of the genes were calculated using the 2 -ΔΔCt method (24) .
Western blot analysis. In brief, the cells were rinsed thrice with ice-cold PBS and then lysed in lysis buffer (PBS at pH 7.4, 1% Triton x-100, 10 mM sodium deoxycholate, 3 mM SDS, and 1 mM EDTA with protease inhibitors) at 4˚C for 30 min. Protein concentrations were determined using a BCA protein assay (Thermo Fisher Scientific). Equal quantities of protein were subjected to SDS-PAGE and transferred to Immobilon-P transfer membranes (Millipore). Successive incubations with primary antibodies (Table II) and horseradish peroxidase-conjugated secondary antibody were conducted. Immunoreactive proteins were then detected using the enhanced chemiluminescence system (Bio-Rad Laboratories). For the protein in xenograft tissues, the harvested xenograft samples were cut into small pieces and dissolved in lysis solution. The complex solution was homogenized and sonicated for 5 min on ice. Protein concentrations were determined using a BCA protein assay. All proteins to be validated were separated by SDS-PAGE with 20 µg of protein per lane and transferred to Immobilon-P transfer membranes [in transfer buffer (pH 11.0), 25 mmol/l Tris, 0.2 mol/l glycine, 20% (v/v) methanol] for 45 min at 1.5 mA/cm 2 on a semidry electroblotter (Bio-Rad Laboratories, Richmond, VA, USA). The membranes were blocked with 1% skim milk for 1 h at 25˚C and probed with the primary antibody (Table II) and then horseradish peroxidase-conjugated secondary antibody. GAPDH was used as an internal control to ensure equal loading. Bands were scanned using a densitometer (GS-700; Bio-Rad Laboratories, Hercules, CA, USA), and relative quantification was performed using Image-Pro Plus 6.0 software (Media Cybernetics Inc., Silver Spring, MD, USA).
Cell cycle assay. Cells (1x10 6 ) were obtained from appropriate samples, and nuclei were stained with PI. Flow cytometry was performed using FACSCalibur (BD Biosciences, San Jose, CA, USA), and the cell fraction in each cell cycle phase was determined using the cell cycle analysis platform in FlowJo software (Tree Star Inc., Ashland, OR, USA).
Apoptosis assay. Annexin V-FITC/PI apoptosis kit was purchased from Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China). In brief, cells (5x10 5 ) were collected, washed, resuspended in PBS and Annexin V-FITC (1.25 µl) and PI (10 µl) were added. The cells were then incubated for 20 min at 4˚C. Tests were performed in triplicate for each sample, and analyses were performed by FACScan flow cytometry (Becton-Dickinson, San Jose, CA, USA) with FlowJo software according to the manufacturer's guidelines. The TUNEL assay was performed using In Situ Cell Death Detection kit, POD (Roche Applied Science, Basel, Switzerland) according to the manufacturer's protocol. The sections were observed under a bright-field microscope, and the number of apoptotic cells in the tumor tissue in each section was counted in 10 different microscopic fields.
In vitro invasion assay. In brief, a polycarbonate filter was coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) and incubated at 37˚C for half an hour. The cells were harvested by typsinization and suspended in DMEM serumfree medium with 0.1% BSA at 5x10 5 cells/ml. Approximately 100 µl of the cell suspensions was placed in the upper chambers, and 600 µl of complete medium was filled into the lower chambers. The cells were allowed to invade at 37˚C in 5% CO 2 for 48 h and fixed with 4% formaldehyde for 15 min. The cells on the lower surface of the membranes were stained with crystal violet for 10 min. The invaded cells in five fields (i.e., upper, lower, left, right and middle) were counted under a microscope at a x200 magnification. Experiments were repeated at least three times, and data are presented as the number of cells passing through the filters.
Cell proliferation assay. Cell proliferation was assessed using CellTiter 96 ® Aqueous One Solution Cell Proliferation assay (MTS assay; Promega) according to the manufacturer's instructions. Cells were plated on 96-well plates at 1x10 4 cells/well (i.e., 100 µl/well) and incubated for 3 days. MTS (10 µl) was added to each well after 0, 24, 48 and 72 h of incubation. The cells were incubated at 37˚C in 5% CO 2 for another 4 h. The value of the optical density was measured at a wavelength of 490 nm using a microplate reader (multiscan MK3; Thermo Fisher Scientific).
In vivo assay. All animal studies were carried out in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. The experimental procedures and protocols were approved by the Ethics Committee for Animal Experiments of Jinan University. In brief, male BALB/c nude mice aged 4 weeks were obtained and maintained in a pathogen-free facility. Cells from two EJ cell clones stably expressing EN2 siRNA (C1 and C2) and one stable clone expressing a control scramble siRNA (NC) were suspended in PBS at a concentration of 5x10 6 cells/ml and injected subcutaneously in the back of the mice (n=6 for each group). The tumor size was measured every 7 days, and the tumor volume was determined using the simplified formula of a rotational ellipsoid (L x W 2 x 0.5). Six weeks after inoculation, the mice were sacrificed and dissected for collection of primary tumors and organs, including lungs and livers. The tissues were then fixed in 4% paraformaldehyde and embedded in paraffin for further study.
Immunohistochemistry. Five-micrometer sections of formalinfixed, paraffin-embedded tissue were cut onto silanized glass slides, deparaffinized in xylene, rehydrated in graded ethanol concentrations (100, 95, 70 and 50%), and finally submerged in PBS. The sections were blocked for endogenous peroxidase with 3% hydrogen peroxide solution for 15 min and placed in an autoclave with 0.01 mol/l sodium citrate solution at 121˚C for 3 min for antigen retrieval. The sections were incubated with EN2 (1:500) and Ki-67 (Abcam; ab66155, 1:200) primary antibodies overnight at 4˚C and then incubated with biotinlabeled secondary antibody at room temperature for 1 h. Negative controls were performed by replacing the primary antibody with PBS. Diaminobenzidine tetrahydrochloride was used as a chromogen. All sections were then counterstained with hematoxylin and observed under a bright-field microscope.
Statistical analysis. quantitative data are expressed as mean ± SD (standard deviation). The statistical significance of differences between groups was determined by one-way ANOVA analysis. Enumeration of the data was analyzed by Mann-Whitney U test. P<0.05 was considered to indicate a statistically significant result. All data were analyzed with SPSS 17.0 software.
Results
Significant expression of EN2 in BC cells. The EN2 expression was examined using quantitative real-time polymerase chain reaction (qRT-PCR) and western blot analysis in human BC cell lines, including T24, RT4 and EJ cell lines, as well as normal uroepithelium SV-HUC-1 cells. The EN2 mRNA levels were significantly higher in all BC cell lines than the level in the SV-HUC-1 cells. The EN2 mRNA level in the EJ cell line was also significantly higher than levels in the T24 and RT4 cell lines (Fig. 1A) . The EN2 protein levels showed the same trend with mRNA expression (Fig. 1B) . Therefore, the EJ cell line was selected for further study.
EN2 overexpression promotes cell proliferation, invasion and apoptosis.
To investigate the possible oncogenic function of EN2 in normal bladder epithelial cells, we selected the immortalized and non-transformed bladder epithelial cell line SV-HUC-1 for further study. The stable cells transfected with pcDNA3.1 and pcDNA3.1+EN2 as well as non-transfected cells were examined for the effects of EN2 overexpression on cellular proliferation, invasion and apoptosis. The expression of exogenous EN2 mRNA and protein was verified using qRT-PCR and western blot analysis, respectively ( Fig. 2A and B) .
The cell growth curve drawn with absorbance at 490 nm showed that the stable SV-HUC-1 cells transfected with pcDNA3.1+EN2 had larger values of cell viability than the corresponding stable SV-HUC-1 cells transfected with pcDNA3.1 and the non-transfected SV-HUC-1 cells (Fig. 2C) . Moreover, SV-HUC-1 cells ectopically expressing EN-2 were more invasive compared with the non-transfected cells or pcDNA3.1-transfected cells (Fig. 2D ). Apoptotic analysis with flow cytometry showed a lower proportion of apoptotic SV-HUC-1 cells ectopically expressing EN-2 compared with the non-transfected cells or pcDNA3.1-transfected cells (Fig. 2E) . In summary, the results indicated that EN2 overexpression enhanced cellular proliferation and invasion while inhibiting cellular apoptosis.
Effects of EN2 siRNA on the expression of EN2 in EJ cells in vitro.
The delivery efficiency of NC-siRNA, EN2-siRNA1, EN2-siRNA2 and EN2-siRNA3 was >85% at 48 h by assessing the green fluorescent protein (GFP) expression under an inverted fluorescence microscope (data not shown). After EN2-siRNA1, EN2-siRNA2 and EN2-siRNA3 transduction for 48 h in EJ cells, the expression of EN2 mRNA was substantially reduced by 91.7, 89.7 and 81.0% while its protein expression was reduced by 85.4, 74.7 and 51.6%, respectively, compared with the blank group (data not shown). Therefore, the EN2-siRNA1 plasmid was chosen for further study.
Selection of stable clones of siRNA-transfected EJ cells by G418.
The results showed that the positive proportion of GFP in the above three clones was >85% while the intensity of red fluorescence in C1 and C2 cells was very weak, compared with NC, which indicated that knockdown efficiency of C1 and C2 was very high (data not shown).
EN2 knockdown promotes cell cycle arrest and apoptosis of EJ cells but inhibits proliferation and invasion in vitro.
After identifying the siRNA with the best inhibition for EN2 and two stable clones of EJ cells with EN2-siRNA transfection (C1 and C2), the effects of EN2 knockdown on the biological behavior of EJ cells were investigated. The results showed that the expression levels of EN2 mRNA and protein in C1 and C2 were significantly downregulated than those in the NC and EJ cells (Fig. 3A and B) . The percentages of cells in the S phase decreased from ~35.2 to 21.7 and 21.5% in the C1 and C2 cells, respectively, whereas the percentages of cells in the G0/ G1 phase increased from ~52.1 to 67.4 and 68.3% in C1 and C2, respectively. The percentages of cells in the G2/M phase showed no significant differences among the various samples (Fig. 3C) . These results suggest that EN2 downregulation leads to cell cycle arrest at the G0/G1 phase.
After cultivation for 48 h, Annexin V/propidium iodide (PI) staining of various cells showed that the proportions of Annexin V-positive cells in C1 and C2 were ~39.9 and ~38.7%, respectively, whereas the proportion of Annexin V-positive cells in the EJ cells was only 9% (Fig. 3D) . These data suggest that EN2 downregulation promotes EJ cell apoptosis.
MTS assay demonstrated that EN2 knockdown significantly decreased the proliferation of EJ cells (Fig. 3E) . Furthermore, EN2 knockdown also significantly decreased the invasive ability of the EJ cells (Fig. 3F) . 
Effects of EN2 knockdown on proliferation, apoptosis, invasion and metastasis of BC in vivo.
EJ and NC groups showed a significantly more rapid increase in tumor volume than that in the C1 and C2 groups (P<0.05). However, no differences were observed in regards to tumor size and growth pattern between the EJ and NC groups or between the C1 and C2 groups ( Fig. 4A and B) .
To further investigate the potential mechanisms of BC inhibition by EN2 knockdown, we detected the expression of various representative proteins that have been confirmed to be associated with the development and progression of tumors using western blot analysis. The results demonstrated that adhesion-related protein E-cadherin (CDH1), tumor-suppressor proteins, including TP53 and PTEN, as well as anti-apoptosis protein Bcl-2, were significantly downregulated in the EJ and NC groups. Matrix metalloproteinases, including MMP-2 and MMP-9, pro-apoptosis protein BAx, and cell cycle regulation protein cyclin D1, as well as tumor angiogenesis factors, including VEGF and PDGF, were also significantly downregulated in the C1 and C2 groups, which were consistent with the expression of their own genes ( Fig. 4C and D) .
Immunohistochemistry results showed that the protein expression levels of EN2 and Ki-67 were significantly lower in the C1 and C2 groups than those in the EJ and NC groups (Fig. 4E) . The number of apoptotic cells was significantly increased in tumors from the C1 and C2 groups than the number in tumors from the EJ and NC groups as detected by TUNEL assay (Fig. 4E) .
In addition, the number of micrometastatic events (observed under a microscope) in the lungs and livers was significantly lower in mice from the C1 and C2 groups than the events in lungs and livers from the EJ and NC groups (Fig. 4F and G) . Similarly, the number of metastatic nodules (macroscopic) in the lungs and livers was apparently reduced in the C1 and C2 groups compared with that in the EJ and NC groups ( Fig. 4H ; data not shown).
EN2 appears to induce activation of the phosphatidylinositol 3-kinase (PI3K) pathway by inhibiting PTEN.
The PI3K pathway possesses a critical function in cell growth, proliferation and survival (25) , and signaling via the P13K pathway is upregulated in many types of cancer (26, 27) . Given the expression levels of EN2 and PTEN (the main inhibitor of PI3K-Akt pathway) in the aforementioned experiments, the levels of Akt phosphorylated at serine 473 (pAkt-473) and threonine 308 (pAkt-308), PI3K and PTEN protein were determined by western blot analysis in vitro. As shown in Fig. 5 , the levels of pAkt-473, pAkt-308 and PI3K were significantly higher in the EJ and NC cell lines than those in the C1 cell line (EN2-siRNA-transfected). This result indicates that EN2 knockdown significantly decreased the levels of pAkt-473, pAkt-308 and PI3K, but increased PTEN expression. 
Discussion
EN2, a homeobox-containing transcription factor, was identified as a candidate oncogene in breast and prostate cancer. Previous studies indicate that EN2 is overexpressed in human breast and prostate cancer cells, and downregulation of EN2 expression causes a decrease in breast and prostate cancer cell proliferation (18, 19) . In the present study, EN2 was highly expressed in BC cell lines. The ectopic expression of EN2 in normal urothelial cells significantly enhanced cellular proliferation and invasion, but inhibited cellular apoptosis. Moreover, RNAi-mediated EN2 silencing significantly downregulated the protein levels of EN2 in vitro and in vivo. More importantly, EN2 knockdown significantly promoted cell cycle arrest and apoptosis of tumor cells and inhibited tumor growth and distant metastasis. All of these findings suggest that EN2 has potential functions in BC development and progression and is a promising gene-targeting therapy for BC.
The cell cycle has important functions in cell proliferation, differentiation and tumor progression and is regulated by intracellular and extracellular signal transduction pathways (28) . In the present study, the number of cells in the G0/G1 phase was significantly increased, whereas that in the S phase was significantly decreased in the C1 and C2 cells. This result suggests that EN2 knockdown induced G0/G1 phase arrest and apoptosis, as well as inhibited tumor cell proliferation. Furthermore, the cell proliferation assay indicated that EN2 knockdown led to a significant decrease in BC cell proliferation. After constructing the xenograft tumor models in nude mice, the tumor volumes in the C1 and C2 groups were significantly lower than those in the EJ and NC groups on day 42. Furthermore, cell apoptosis was detected using TUNEL assay, and the Ki-67 protein expression was determined by immunohistochemistry in vivo. The results showed that the number of apoptotic cells was significantly increased and Ki-67 protein expression was significantly decreased in tumors in the C1 and C2 groups compared with those in the EJ and NC groups. These data indicate that RNAi-mediated EN2 gene silencing inhibited tumor growth and induced apoptosis of BC cells both in vitro and in vivo.
To further investigate the potential molecular mechanisms of the effects of EN2 knockdown on tumor growth inhibition, we detected the expression levels of various common proteins that are related to the development and progression of tumors in vivo. The results indicated that protumor proteins were downregulated, whereas antitumor proteins were upregulated after EN2 knockdown. Numerous genes and proteins are involved in the development and progression of tumors, including BC. Loss of TP53 and PTEN tumor suppressors is common in BC (29, 30) . The Bcl-2 family functions as a 'life/ death switch' that integrates diverse intercellular and intracellular cues to determine whether the stress apoptosis pathway should be activated (31) . The p53 gene precisely regulates cell apoptosis via activating apoptosis promoters of the Bcl-2 family, such as BAx, or inhibiting antiapoptosis molecules, such as Bcl-2 (32). PTEN can negatively regulate the PI3K/ Akt pathway, which regulates several relevant processes for tumor growth and progression, such as cell survival, motility, invasion, cell cycle progression and angiogenesis (33, 34) . Genetic aberrations in the regulatory circuits that govern transit through the G1 phase of the cell cycle occur frequently in human cancer, and overexpression of cyclin D1 is one of the most commonly observed alterations, including BC (35, 36) . Studies indicate that cyclin D1 downregulation contributes to inhibition of BC proliferation by inducing cell cycle G0/ G1 arrest (37, 38) . VEGF and PDGF have important functions in tumor angiogenesis for neoangiogenesis, which further promotes tumor growth (39) . CDH1 (E-cadherin) is a calciumdependent cell adhesion molecule that inhibits tumor invasion and metastasis through stabilization of cell-cell adhesion (40) . MMP-2 and MMP-9 can degrade epithelial-mesenchymal transition (ECM) and promote tumor metastasis (41) .
The PI3K/AKT signaling pathway is a frequently dysregulated pathway in cancer (42, 43) and possesses a major function in bladder carcinogenesis (44) (45) (46) (47) (48) . PTEN is the antagonist of PI3K, which removes the 3' phosphate of PIP3 and attenuates downstream signaling of activated PI3K (49) . Therefore, we further investigated the effects of EN2 knockdown on the PI3K/Akt pathway in vitro. EN2 knockdown significantly decreased the levels of pAkt-473, pAkt-308 and PI3K protein, but increased PTEN protein. This finding suggests that EN2 may activate the PI3K/Akt pathway by inhibiting PTEN, thereby promoting the progression of BC.
In addition to transcription, EN2 protein may have a regulatory function in translation as it can bind directly to the eukaryotic translation initiation factor 4E (eIF4E) with high affinity and specificity (50) . EN2 should have the same characteristics as other homeoproteins since it is a homeoboxcontaining transcription factor. Zhou et al (51) indicated that Nkx3.1, a homeoprotein transcription factor, functions within the cells that produce them in a cell autonomous manner as well as can regulate genes and inhibit cell proliferation in a non-cell autonomous manner. Prin et al (52) reported that Hox4 proteins regulate Eph/ephrins and other cell-surface proteins during chick and mouse embryo development. These proteins can also function in a non-cell-autonomous manner to induce apical cell enlargement on both sides of their expression border. Therefore, we hypothesized that EN2 may induce pro-oncogenes, such as VEGF, or inhibit anti-oncogenes, such as PTEN, to promote the development and progression of BC via the aforementioned three mechanisms (i.e., regulating translation by binding directly to eIF4E and functioning in a cell autonomous and non-cell-autonomous manner). This hypothesis needs to be further verified.
Notably, we found that most mice in the EJ and NC groups presented with liver and lung metastases, whereas mice in the C1 and C2 groups did not show liver and lung metastases. This result suggests that EN2 knockdown significantly inhibited the metastasis of BC cells to the liver and lung in vivo.
The effects of EN2 knockdown on gene expression profiling of BC were not analyzed due to the limitation in experimental conditions, which may further confirm the results in the present study. However, the study indicated that EN2 may promote cell proliferation, invasion, and metastasis in BC by activating the PI3K/Akt pathway and inhibiting PTEN. Importantly, EN2 knockdown significantly decreased tumor growth of BC through regulating the cell cycle, apoptosis and ECM-related proteins. Thus, EN2 may be a candidate oncogene in BC and may be used as a therapeutic target for the treatment of BC.
